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 25 
Abstract  26 
Much telomere loss takes place during the period of most rapid growth, a time of high cell 27 
proliferation and potentially high energy expenditure.  Fast growth is linked to reduced 28 
longevity, and the effects of somatic cell proliferation on telomere loss and cell senescence 29 
might thereby play a significant role in driving the growth-lifespan trade-off. While different 30 
species will have evolved a growth strategy that maximises lifetime fitness, environmental 31 
conditions encountered during growth will influence individual optima. In this review, we 32 
first discuss the routes by which altered cellular conditions could influence telomere loss in 33 
vertebrates, with a focus on oxidative stress in both in vitro and in vivo studies. We discuss 34 
the relationship between body growth and telomere attrition, and evaluate the empirical 35 
evidence that this relationship is generally negative. We further discuss the potentially 36 
conflicting hypotheses that arise when other factors are taken into account, and the further 37 
work that needs to be undertaken to disentangle confounding variables.  38 
 39 
1. INTRODUCTION 40 
There is considerable evidence from diverse studies across a wide range of tax, that animals 41 
can vary their growth rate and that faster growth is associated with a lifespan reduction [1-3].  42 
One possible factor that might be responsible for this association is the effect of growth on 43 
telomere loss. The telomeric system of chromosome protection is highly conserved across the 44 
eukaryotes, acting to maintain the integrity of the linear chromosomes. Vertebrate telomeres 45 
comprise tandem repeats of a short hexameric DNA sequence (TTAGGG) at the chromosome 46 
ends, with a single stranded overhang that doubles back on itself and intrudes into the double 47 
stranded section, forming the so-called ‘t-loop’ [4].  The telomere itself is protected by the 48 
shelterin proteins, which prevent it being accessed by cellular mechanisms that repair breaks 49 
in DNA and which could otherwise give rise to catastrophic end-to-end joining of 50 
chromosomes [4, 5]. The telomere also protects the coding sequences on the chromosomes 51 
from the loss that occurs as a consequence of the incomplete replication of the 3’ ends of 52 
DNA strands during cell division. In the absence of telomere restoration, the loss of telomere 53 
sequences during cell division results in progressive telomere shortening until a point is 54 
reached when the telomeres become dysfunctional and the genome unstable. This triggers 55 
cell senescence, often followed by apoptosis, and the rate at which this occurs has 56 
consequences for tissue and organism function [6]. There are a number of mechanisms 57 
whereby telomeres can be restored or even lengthened, including the recombination-based 58 
Alternative Telomere Lengthening (ALT) pathways [7, 8], but the most widespread 59 
restoration mechanism in normal cells is via the reverse transcriptase  enzyme telomerase [4]. 60 
This enzyme is variably active in different species, cell types and life stages.  61 
While this basic system remains essentially similar across the eukaryotes, with some 62 
notable exceptions (such as the Diptera [9]), the details of telomere length, loss and 63 
restoration vary within and among species, and among tissues. Given that telomere length 64 
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and/or loss have been linked to health and longevity [5], telomere dynamics are expected to 65 
be under strong selection pressure. Species-specific telomere dynamics will have evolved in 66 
tandem with the species life history, particularly in relation to the selection pressures that 67 
shape growth rate, body size, and longevity. all of which influence the need for cell division. 68 
In addition to differences among species, there is also considerable variation in telomere 69 
length and loss among individuals of the same species.  Inter-individual differences in 70 
inherited telomere length are part of the picture, as is variation among conspecifics in cell 71 
division and turnover in tissues and at different life stages. However, much of the within-72 
species variation is likely to be due to environmental factors that influence telomere loss. The 73 
amount of telomere loss per round of cell division that can be attributed to the end replication 74 
problem depends on how close to the chromosome end the distal primer can be placed during 75 
DNA replication; in cultured human cells, in which almost all of this work has been done, 76 
this loss is small (possibly as little as 10-20 base pairs [10]), but the observed loss rate is in 77 
often considerably greater [10, 11].   Conditions within the cell are thought to play an 78 
important role here, and these conditions can obviously be influenced by the environment that 79 
the organism experiences. Environmental factors can act directly or indirectly (i.e. via 80 
parental effects) on the individual, inducing increased cell division rates, changing body size 81 
or creating intra-cellular conditions that accelerate telomere loss.   82 
In this review, we consider the mechanisms whereby variation in growth rates might 83 
give rise to variation in telomere loss. We consider the effects of environmentally generated 84 
oxidative stress in particular. Recent reviews of other important environmental factors that 85 
can influence telomere loss such as exposure to stressors, inflammation and toxic chemicals 86 
can be found in [12-16].We then discuss the evidence that somatic growth during post-natal 87 
life, when telomere restoration is more limited, is linked to increased telomere attrition, 88 
discuss why effects might differ among studies and among and within species, and where we 89 
lack important information [12-15]. 90 
 91 
2. TELOMERE LENGTH AND LOSS 92 
Both telomere length and the rate of telomere loss are likely to be important to organism 93 
health and longevity. There is variation among species in the age specific telomere length [4]. 94 
Why such interspecific differences in telomere length have evolved, and what the functional 95 
significance of long and short telomeres might be, is unclear. In addition to the 3’ end 96 
replication problem, there are several other conserved mechanisms contributing to telomere 97 
shortening have been reported in the literature. These include oxidative stress, reviewed in 98 
[17] and telomere trimming, reviewed in [18]. Recent evidence suggests that length is set 99 
during embryo development [19], and that any aberrantly long telomeres in embryonic stem 100 
cells are  ‘trimmed’ back to the appropriate length by so-called TZAP (Telomeric Zinc-finger 101 
Associated Proteins) proteins  [20].  Thereafter, telomere restoration in most somatic cells is 102 
limited [4].  Consequently ‘starting’ length presumably determines the fate of cells, since this 103 
will determine the number of cell divisions that occur before a critically short telomere length 104 
triggers cell replicative senescence. Studies using human cells have identified several 105 
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additional factors that influence telomere loss [21, 22];  these include errors during DNA 106 
replication (including problems with the unwinding of the telomeric structure during DNA 107 
replication), exonuclease activity  and deletion of t-loops by homologous recombination 108 
damage, and damage induced by exposure to oxidative stress, stress hormones,  109 
inflammation,  UV radiation or toxic chemicals [14, 15, 23, 24]. The importance and impact 110 
of these processes is likely to differ among cell types and potentially also at different life 111 
stages, and there may also be differences among species. However, little comparative data to 112 
examine this variation are available.  113 
Since adverse environmental conditions can increase telomere loss, telomere loss rate 114 
can potentially give an indication of the state of the individual, reflecting the environmental 115 
challenge that it faces, or has faced, and the individual’s capacity to deal with it [25, 26]. The 116 
relationships among length, loss rate and fitness outcomes depends in part on whether short 117 
telomeres have a causal role in bringing about reduced health or longevity. If this is the case, 118 
then the same loss rate will have different consequences depending on the starting telomere 119 
length [25]. If, on the other hand, loss rate is simply a biomarker of health, then a relatively 120 
high loss rate indicates a poor state whatever the telomere length. Telomere loss is more 121 
difficult to measure than length. Repeated measures from the same individual are required to 122 
avoid results that are confounded by differential survival of individuals (see example in the 123 
next paragraph). Such repeat sampling is only feasible in a limited number of tissues where 124 
relatively non-invasive sampling is possible, such as via small blood samples or skin 125 
biopsies. It is therefore important that we know the extent to which telomere changes in these 126 
tissues reflect those in other tissues whose function is important to health and longevity. 127 
Studies of variation in telomere dynamics in tissues within individuals are limited, but there 128 
does appear to be an association across tissues [27-29]. In practice, individuals with high 129 
telomere loss rates are likely to also have shorter age specific telomere length, unless there is 130 
considerable inter-individual variation in initial telomere length.  Variation in telomere length 131 
across individuals, environments or experimental treatments can therefore still provide us 132 
with valuable information. 133 
Early in life, telomere length is unlikely to have a causal role in determining survival 134 
prospects over the short term, since sufficient telomere loss to compromise health is unlikely 135 
to have occurred at this life stage. However, since, as mentioned above, telomere loss rate 136 
itself may be indicative of exposure to poor conditions, length or loss may be correlated with 137 
survival even early in life [30][31] and loss rate can  be a better predictor of juvenile survival 138 
than is telomere length [31]. In a long term study of Soay sheep Ovis aries (a feral breed of 139 
domesticated  sheep on an isolated island off the west coast of Scotland) individual telomere 140 
length was repeatedly measured from shortly after birth; individuals with longer telomeres 141 
survived better over the first two years of life, but not in later adulthood [32]. In addition to 142 
illustrating how telomere dynamics might be differentially related to individual state at 143 
different life stages, this study also shows how differential mortality with respect to telomere 144 
length can alter variation in telomere length in different age categories; individuals with the 145 
shortest telomeres will already have been eliminated before sexual maturation and thus be 146 
under-represented in older age classes. 147 
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 148 
3. OXIDATIVE STRESS AND TELOMERE LOSS 149 
Figure 1 summarises the main routes described above whereby growth, telomere loss and cell 150 
senescence are linked involving changes to cell proliferation, oxidative damage and 151 
triggering of a persistent DNA damage response. In this review we concentrate the effect of 152 
on oxidative stress on telomere loss, as this has been most widely studied, and there is good 153 
evidence that growth rates, a major focus of this review, can influence levels of oxidative 154 
stress. 155 
Oxidative stress at the cellular level 156 
Intense cellular stresses that induce high levels of double stranded breaks to DNA can cause 157 
telomere shortening without DNA replication. However,  under the less catastrophic stresses 158 
more likely to occur in natural conditions, loss largely occurs during DNA replication [10, 159 
33].  Oxidative stress  can damage DNA and such damage may underlie the effects of many 160 
environmental factors on telomeres. Oxidative damage occurs primarily when the antioxidant 161 
defences cannot fully quench the reactive oxygen species (ROS) that are generated in the 162 
mitochondria.  Telomeres are considered particularly sensitive to oxidative damage, possibly 163 
because of the increased vulnerability of the stacked guanine bases [10, 34-37]. There is also 164 
evidence that the dynamics of damage repair differ in the telomeric region from elsewhere in 165 
the genome [23]. Oxidative lesions can also interfere with the shelterin proteins and result in 166 
telomeres becoming dysfunctional [38]. However, the oxidative lesions to the telomeric DNA 167 
itself, especially to the G-rich strand [38],  are considered to be particularly important; a 168 
relatively high proportion of this damage remains unrepaired [39], increasing the amount of 169 
shortening at the next round of cell division [10, 40]. Interestingly, it is also known that 170 
oxidative damage to telomeric regions can induce a persistent DNA damage response that 171 
gives rise to cell replicative senescence irrespective of telomere length [41, 42].   172 
While the effect of oxidative stress on telomere length has been studied both in vivo 173 
and in vitro, most experimental studies have been done in cell culture, enabling specific 174 
pathways to be elucidated. Generation of oxidative stress in cultured cells has been shown to 175 
increase telomere shortening during cell division, and experimental reduction of the 176 
production of ROS in mitochondria shown to reduce telomere shortening [10, 35, 43, 44].  177 
An important caveat here [42] is that much of the in vitro work has been done using 178 
immortalised cell lines or cancer cells, so the relevance to normal cells is somewhat unclear. 179 
In addition, the doses of the pro-oxidants applied directly to cells in culture may sometimes 180 
be much higher than would be the case in vivo [14]. 181 
It has been argued that the increased cell cycle arrest and cell death that follows 182 
persistent exposure to oxidative stress might largely arise from oxidative damage to the 183 
whole genome and to other macromolecules, rather than being triggered by telomere 184 
dysfunction [40]. That oxidative damage to the telomeric DNA is in itself of considerable 185 
importance in determining cell fates has been demonstrated via the experimental generation 186 
of oxidative damage only to the telomeres; as predicted, this led to more cell death [40].  187 
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Nonetheless, under natural conditions, the amount of unrepaired oxidative damage in the 188 
telomere is likely to be related to the genome-wide level of damage incurred.  This 189 
observation has led to the suggestion that the sensitivity of telomeres to oxidative damage has 190 
functional significance, enabling telomeres to act as ‘sentinels’ of damaged cells, triggering 191 
their removal [10].  192 
Oxidative stress at the organismal level 193 
The evidence that oxidative stress exposure has an important effect on telomere length 194 
studied at the individual levels is more mixed than the results from cell culture. Several 195 
correlative studies in whole animals show that individuals with increased exposure to 196 
oxidative stress show increased telomere loss [14]. However, these studies have generally not 197 
manipulated oxidative stress directly but have compared individuals found with different 198 
toxin levels or in different environmental conditions. For example, telomere loss in elderly 199 
humans over a ten year period was found to be positively related to levels of persistent 200 
organic pollutants in their blood at the start of the study, including oxychlordane, a 201 
widespread pesticide  [45]. However, the variation in pollutant levels might well be 202 
correlated with other lifestyle factors that have induced differences in telomere loss. 203 
Similarly, levels of oxychlordane circulating in the blood of a long-lived seabird, the 204 
kittiwake Rissa tridactyla, were found to be negatively related to red blood cell telomere 205 
length in female birds [46]. Particularly interesting in this kittiwake study is that no 206 
relationship was found in the male birds, despite the plasma levels of pesticides being similar 207 
in both sexes. As the authors point out, many factors might underlie this sex difference, such 208 
as differences in the resilience of males and females due to differences in antioxidant 209 
defences, antioxidant deployment priorities or in the ages of the male and female birds 210 
examined.  It is difficult to control potentially confounding variables in the field, and this 211 
kind of inter-individual variation in behaviour and life history priorities might explain the 212 
inconsistent results in correlative studies at the organism level, especially where these are 213 
done in the wild.  214 
Rather than relating telomere length to pro-oxidant chemical exposure, some studies 215 
have examined the relationship between actual measures of oxidative stress and telomere 216 
length or loss. For example, a positive association between oxidative damage (measured by 217 
circulating levels of hydrogen peroxides (the d-ROMS test) and telomere loss in red blood 218 
cells has been reported in king penguin chicks Aptenodytes patagonicus [47]. However, in a 219 
similar study on jackdaw Corvus monedula chicks, using a number of markers including d-220 
ROMs, found no relationship with telomere loss [48]. The difference between these two 221 
avian studies, both of which involved telomeres measured in red blood cells of growing 222 
chicks and oxidative stress markers in plasma, might relate to species differences in the level 223 
of telomere restoration, in antioxidant defences, or in the way, and time points at which, the 224 
markers were measured.  Neither study involved any experimental manipulation of 225 
environmental conditions; both used naturally generated variation in oxidative stress which 226 
might co-vary with many other individual differences.  227 
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More detailed experimental studies in rats involving maternal dietary manipulation 228 
during pregnancy have also related measures of oxidative damage to telomere loss. Maternal 229 
protein restriction during pregnancy followed by accelerated pup postnatal growth during the 230 
lactation period has been associated with shorter telomere length (Table 1) and indicators of 231 
oxidative stress in a wide range of tissues in the offspring including pancreatic islets [49], the 232 
heart [50], aorta[51], kidney [52], uterine tract [53] and skeletal muscle [54].  These studies 233 
demonstrate that telomere shortening is accompanied by oxidative stress as a consequence of 234 
a suboptimal early environment. They do not however give insight as to whether there is a 235 
causal relationship.  236 
Effects of antioxidants 237 
If oxidative stress is an important contributor to telomere loss, then improving antioxidant 238 
capacity should reduce telomere loss and thereby help address causality. Administration of 239 
antioxidants to cultured cells does reduce telomere loss [10, 11, 24].  Similarly, antioxidant 240 
capacity in whole organisms has been linked to reduced telomere loss in both correlative and 241 
experimental studies [14, 24]. However, conflicting results have also been reported.  For 242 
example, Badas et al. [55] gave wild adult blue tits Cyanistes caeruleus an antioxidant 243 
supplement (vitamin E and methionine) while they were rearing their chicks in 2012 . The 244 
birds were then recaptured in 2013, again during chick rearing. All birds showed telomere 245 
loss between 2012 and 2013, but the decline was less in the birds that had the antioxidant 246 
supplement during breeding in the previous year.  In contrast, Noguera et al. [56] found no 247 
difference in telomere loss between chicks of captive zebra finches Taeniopygia guttata 248 
growing on high and low antioxidant diets.  The difference between these studies may be 249 
related to species differences, differences between adults and chicks, variation in background 250 
dietary antioxidants, whether or not the supplement actually increases antioxidant capacity,  251 
prenatal levels or stored levels of antioxidants, the relative importance of endogenous versus 252 
exogenous antioxidants at different life stages and so on. In rats, post-weaning studies 253 
involving dietary supplementation with Coenzyme Q (ubiquinone, one of the most abundant 254 
antioxidants in vivo, present in the inner mitochondrial membrane) have demonstrated that 255 
supplementation prevented the induced changes in telomere length in both the heart and the 256 
aorta  [50].  An alternative, but complementary, approach to studying oxidative stress and 257 
telomere dynamics, examined variation in telomere length in relation to polymorphisms in 258 
genes known to be linked to oxidative stress and biomarkers of ageing [57]. While this 259 
involved a group of 79 year old humans, which may in itself represent a biased group, the 260 
study found an association in the expected direction, and provides supporting evidence that 261 
cellular redox status has an important effect on telomere loss. 262 
Differences in the deployment of antioxidants among individuals are also likely to be 263 
very important in organismal level studies. For example, Noguera et al. found that antioxidant 264 
supplementation reduced telomere loss during sexual maturation [56] in females but not in 265 
males. This probably reflects a preferred allocation of these antioxidants to sexual colouration 266 
rather than oxidative defence in males. Kim et al. [58] found that antioxidants can offset the 267 
increased telomere loss found in ‘bolder’ gull chicks in the wild,  and suggested that this 268 
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occurred  because these chicks are exposed to more oxidative stress as a result of differences 269 
in their behaviour relative to the less bold chicks.  270 
The problem with all of the above studies at the organismal level is that, even when 271 
individuals are randomly allocated to treatment groups, it is very difficult to manipulate 272 
oxidative stress exposure without also affecting other factors. Multiple systems can be 273 
affected when individuals are exposed to oxidative stress, and compensatory effects triggered 274 
that are likely to protect some systems at the expense of others. How these multifaceted 275 
effects work is likely to vary with species, individual experience and life history stages, and it 276 
is very difficult to design experiments at the organismal level that tease these effects apart. 277 
Further, these complex physiological and molecular interactions mean that studied in cell 278 
culture might not give the same results as studies in whole organisms. Both are required for 279 
pathways to be identified and outcomes understood.  Mitochondrial functioning is likely to be 280 
very important, and ROS generation could potentially be increased or decreased at the 281 
organismal level using manipulations such as genetic interventions, and administration of 282 
compounds that affect uncoupling proteins (e.g.   [59]), but potential co-lateral toxicity 283 
effects of these compounds need to be evaluated.  284 
More studies are needed to help clarify whether, and under what circumstances, what 285 
we see when oxidative stress is generated in cultured cells actually mirrors what occurs at the 286 
organismal level. Furthermore, while the effect of oxidative stress on telomere loss is the 287 
most studied, and clearly an important, route of environmentally generated damage, but we 288 
should not expect that all environmental stressors act on telomere length via oxidative stress. 289 
The nature of the stressor might also matter. For example, an experimental study in which 290 
individuals were or were not exposed to social stress by altering their position in the brood 291 
hierarchy found that chicks of wild starlings Sturnus vulgaris placed in a subordinate position 292 
in a foster brood showed more telomere loss than their siblings that were placed in dominant 293 
positions in foster broods  [60]. However, there was no difference in oxidative damage 294 
between groups (measured in this case via lipid peroxidation). This does not tell us that 295 
oxidative stress is not involved in telomere loss, but rather that the source of the 296 
experimentally generated telomere difference, which related to a manipulation of social 297 
stress, was not via experimentally generated differences in oxidative stress.  298 
 299 
4. GROWTH AND TELOMERE DYNAMICS 300 
Telomeres and trade-offs 301 
Most organisms appear to be capable of growing at a much faster rate than they generally do,  302 
and growth is expected to be optimised via a number of life history trade-offs [1, 61]. In life 303 
history theory, trade-offs are most often viewed in the context of the allocation of limited 304 
resources to competing traits. So, resources allocated to growth might be at the expense of 305 
resources allocated to self-maintenance and thereby longevity. This might involve energy 306 
allocation to cell proliferation versus energy allocated to telomere maintenance, restoration or 307 
protection from oxidative damage.  We know little about the resource costs of telomere 308 
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maintenance.  However, resource independent trade-offs can also occur. For example, 309 
inevitable downstream or co-lateral consequences of a particular process during growth could 310 
affect longevity.  With respect to telomere loss, a trade-off could occur between, for example, 311 
high cell proliferation levels needed to grow to a particular size, and the downstream 312 
consequences for cell (and organism) senescence of the resultant pace of telomere loss, which 313 
would occur irrespective of resource availability. This non-resource dependent trade-off may 314 
well be the route by which telomeres are involved in a growth-lifespan trade-ff. If so, we 315 
would expect to see such a negative relationship between growth and telomere loss even in 316 
correlative studies since experimental deflection on individuals from their expected resource 317 
allocations is not required.  318 
Growth and telomeres 319 
All individuals produced by sexual reproduction start life as a single cell. Growth then occurs 320 
via increases in cell size and/or cell number[62, 63]. In general, homeostatic mechanisms 321 
maintain cell number and size within individuals in adulthood, thereby preserving organ size 322 
and function [63]. Variation in cell size among species, individuals and tissue types within 323 
individuals, have all been reported [64].   However, cell size does not vary to a sufficient 324 
extent to account for the large variations that we see among species in body size, bigger 325 
bodies in principle mean more cell division. This need not translate into more telomere loss 326 
however, since this will depend on restoration processes, which may be driven by other 327 
factors such as tumour risk [65]. There has so far been little attempt to examine cell 328 
proliferation rates in relation to telomere loss in vivo. During the period when most body 329 
growth is taking place, cell division rates tend to be higher than at other life stages. This 330 
could select for longer initial telomere length, but there may be costs associated with this, 331 
such as slowing of the cell cycle and/or increased risk of telomere damage. There is evidence 332 
that loss rate is higher in longer chromosomes [66], possibly due to their presenting a bigger 333 
target for damage to occur [42].  Little is known about telomere length regulation during 334 
embryonic stages; it appears that telomere length is shorter in oocytes but, following 335 
fertilization, lengthens during early cleavage, after which a ‘set point’  is established [19, 20]. 336 
However, it is also clear that telomere length at birth is influenced by environmental 337 
conditions during development [67, 68], and much more work is needed to understand the 338 
processes involved.  339 
There are at least two routes whereby more or faster post-natal growth could lead to 340 
shorter telomere length – increased cell division required to attain larger size, or increased 341 
loss per round of cell division as a consequence of the conditions required to sustain fast 342 
growth, or created by it. These two routes are not mutually exclusive and indeed could act in 343 
concert; the increased cell division rate could give rise to  increased oxidative stress due to 344 
the higher metabolic activity needed to generate more ATP to fuel this growth. A number of 345 
correlative and experimental studies have found that relatively fast growth is associated with 346 
higher levels of oxidative stress markers in both laboratory and field studies [69-71], and a 347 
recent meta-analysis has demonstrated that there is good evidence that faster growth incurs 348 
increased oxidative damage, and that this may constrain growth strategies [72] . The context 349 
in which growth takes place will therefore be expected to influence the level of oxidative 350 
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stress that occurs. Thus body size, growth rate and environmental conditions are likely to 351 
matter in the context of telomere dynamics, and we consider these further below.  352 
An additional complexity is added by the fact the pattern of growth can vary 353 
considerably among taxa, most notably between determinate and indeterminate growers 354 
which relates to the degree of genetic determination of growth [73]. The typical growth 355 
pattern of determinate growers involves growth to an asymptote with limited environmental 356 
input to final size [73]. Indeterminate growth generally involves a high environmental input, 357 
and considerable variation in body size, and in many cases growth throughout life. The life 358 
history of determinate growers, such as the birds and most mammals, is that growth to a final 359 
body size takes place relatively early in life and prior to sexual maturity, after which 360 
relatively little growth takes place. There are important differences among the typical avian 361 
and mammalian pattern in that in birds, growth as a nestling is generally very rapid and final 362 
body size is achieved by fledging or fairly soon afterwards. There will then be a variable 363 
period before reproduction occurs, which in some species, such as the seabirds, can stretch 364 
into several years. In mammals on the other hand, growth usually continues till sexual 365 
maturation, and there can be a series of further growth ‘spurts’ during adolescence; whether 366 
these growth spurts affect telomere dynamics has not been studied.  367 
Significant variation in growth rate occurs within species because of genetic and 368 
environmental variation (e.g. factors such as conditions during embryonic growth, birth or 369 
hatching order, time of season, temperature and resource availability), whereas variation in 370 
body size is often more limited. There is good evidence from a fairly wide range of species 371 
that the rate of telomere loss is greatest during early life [29, 74] and correlative studies in 372 
birds [47, 56, 75, 76] and fish [77] suggest that faster growth is associated with reduced 373 
telomere length measured either during growth itself or in adulthood. However, not all 374 
studies find such a relationship [20]. There as yet no real consistency in how studies of the 375 
relationship between growth and telomere length have been carried out, and growth rate and 376 
final size are not often teased apart. This is in part because the effect of growth on telomere 377 
loss is often a secondary consideration in studies that have been designed to examine the 378 
effects of other factors. Table 1 provides a summary of vertebrate studies in which post-natal 379 
growth and telomere loss have been examined. While not completely exhaustive, Table 1 380 
gives a good indication of what has been done and the approaches used in vertebrates so far. 381 
Of the 31 studies listed, most have been in birds (14 studies, 10 species, 11 in the field) and 382 
mammals (10 studies, 4 species, 1 in the field); thus the taxonomic coverage is relatively 383 
poor, with few studies of indeterminate growers (7 studies involving 1amphibian and 6 384 
species of fish). Ideally, studies of the relationship between growth and telomere loss should 385 
involve measurements of telomere change within individuals over the most rapid growth 386 
period. However, since we might expect that growth rate to have evolved to minimise 387 
detrimental effects later in life, we also need experimental manipulations of growth that 388 
induce individuals to grow at different rates to the same final body size, and do not involve 389 
inducing other factors known to accelerate telomere loss such as stress exposure. In some 390 
studies single measures of telomere length are taken, perhaps involving comparisons across 391 
stages or treatment groups. In the case of the two human studies, the telomere data have been 392 
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collected many years after the main growth period, and thus do not relate to the period of 393 
most rapid growth. Many of the non-human studies are correlational, and thus will involve a 394 
number of confounding factors. Experimental studies have been carried out notably with 395 
laboratory rats, and in several bird species and some fish. With respect to the birds, in which 396 
most studies have been done so far, the results are mixed. Of the 14 studies listed, over half 397 
find non-significant effect, while 3 studies find positive and three negative relationships 398 
between telomere length or loss and growth measurements. In practice, it is very difficult to 399 
manipulate growth rate without affecting other processes. A commonly used experimental 400 
procedure in birds has involved manipulation of brood size, with chicks growing in enlarged 401 
broods being expected to grow more slowly, which is generally found to be the case. 402 
However, chicks in enlarged broods are in a more competitive situation, which in itself is 403 
known to increase telomere loss even when growth is not affected [60].  The extent to which 404 
stress exposure over-rides the effect of growth may underlie the inconsistences.  Genetic and 405 
hormonal manipulations to date have been limited, and there is more scope for undertaking 406 
such studies, provided the effect of body size can be teased apart from growth rate. More 407 
studies of indeterminate grower are needed, particularly given that environmental 408 
temperature can be used to induce different growth rates. To date the most comprehensive 409 
studies have been undertake in laboratory rats, in which experimental manipulations of 410 
maternal diet have been used to induce variations in growth rate in offspring, with clearly 411 
demonstrated effect of telomere length. We discuss these and aspects other studies in more 412 
detail below.  413 
Body size 414 
In practice, it is difficult to tease apart body size and growth rate, since the two are generally 415 
interlinked. In cross species comparisons, large bodied animals tend to live longer than 416 
smaller bodied ones, but within species the opposite is the case, with smaller bodied 417 
individuals generally living longer than their larger bodied counterparts [2, 78, 79]. However, 418 
large species generally grow more slowly than small bodied species, which could mean less 419 
oxidative stress during growth. Accordingly, we may not see the expected relationship 420 
between body size and telomere loss during growth when looking across species. In contrast, 421 
larger individuals of the same species appear to grow faster than their smaller conspecifics [2, 422 
80, 81]. Positive effects of slow, and negative effects of fast, growth on the rate of ageing 423 
might in part explain the different relationship between body size and longevity seen in the 424 
among and within-species comparisons. Furthermore, dietary differences among species are 425 
also likely to affect outcomes since these could affect metabolism and antioxidant status. 426 
There have so far been no comparative studies that examine variation in species growth rates 427 
and telomere loss, and how these link to body size and life histories. Thus there is 428 
considerable scope for further work in this area.  429 
Within species, we would expect the larger, faster growing individuals to have shorter 430 
telomeres. In species where males are larger than females, the males often have shorter 431 
telomeres and shorter lives, while there is no sex difference in telomere length in 432 
monomorphic species; however, factors other than body size may drive this sex difference 433 
[82, 83]. Understanding the relationship between body size and telomere dynamics is 434 
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complicated by the fact that individuals may be small due to poor nutritional or social 435 
conditions during growth [84]; both of these factors can accelerate telomere loss but not 436 
necessarily via generating oxidative stress [12, 60, 76, 85]. 437 
An experimental study in which artificial selection for body size was imposed on a 438 
wild population of house sparrows Passer domesticus suggested that, within species, the 439 
relationship between size and telomere loss goes in the predicted direction [86]. However, 440 
since no detailed information on post-natal growth rate was collected during this study, it is 441 
not known how growth rate and body size were linked, or whether the observed effect on 442 
telomeres persisted beyond the nestling phase. Nonetheless, this study does provide a 443 
platform on which to base further studies of the relationship between size, growth and 444 
telomere dynamics, and the underlying genetic relationships among these traits.  445 
Experimental studies in rats 446 
There is strong evidence from a range of taxa to suggest that changes in growth and nutrition 447 
during critical periods of development can impact on the long term-health of an organism 448 
including humans,  termed the developmental origins of health and disease [2]. It has been 449 
demonstrated in both correlative and experimental studies that this is linked to growth rate 450 
and that growth acceleration to compensate for an episode of reduced growth either pre or 451 
post-natally is associated with reduced lifespan [1, 87]. Detailed studies of the effect of 452 
accelerated growth in rats have been undertaken from a biomedical perspective, in order to 453 
shed light on the processes whereby early life growth and nutrition might influence long term 454 
heath. These studies have shown that low birth weight, especially when followed by 455 
accelerated neonatal growth, is associated with increased risk of traditionally adult-onset 456 
diseases such as type 2 diabetes and cardiovascular disease [88, 89]. In contrast, slow growth 457 
during the lactation period is associated with protection from these conditions [90]. Reduced 458 
nutrition and/or growth during these critical periods is also associated with permanent 459 
differences in body size and composition [91]. Accelerated early postnatal growth with or 460 
without low birth weight is associated with increased body weight and adiposity whereas 461 
slow growth during this time period is associated with a permanent reduction in body weight 462 
and reduced adiposity [92]. Both rats and mice that are exposed to maternal protein 463 
restriction during foetal life have a low birth weight and undergo rapid catch-up growth if 464 
suckled by a normally fed mother; these animals have a significant reduced lifespan 465 
compared to offspring of mothers fed a control diet during pregnancy and lactation. In 466 
contrast, pups born with a normal birth weight but suckled by a low protein fed mother, grow 467 
slowly during lactation and never catch up in body weight even when weaned onto standard 468 
chow fed ad libitum [52, 93, 94]. These differences in life span have been associated with 469 
differences in telomere length Table 1 [49, 54, 70, 95]. As mentioned earlier, the pups that 470 
have undergone faster growth display reduced telomere length compared to controls in many 471 
tissues. Interestingly the timing of the presence of shortened telomeres differs between 472 
different tissues, with differences in telomere lengths in pancreatic islets and the reproductive 473 
tract being present in young adult life and other tissues such as the aorta not displaying 474 
accelerated shortening until later in life. The different time courses observed between tissues 475 
in terms of maternal diet-induced telomere shortening may relate to differences in the number 476 
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of rounds of cell division that different tissues undergo postnatally and/or differences in 477 
levels of oxidative stress. Pancreatic islets are known to have a low antioxidant defence 478 
capacity that thus may explain their particular vulnerability to maternal diet effects on 479 
telomere length. In contrast pups exposed to the low protein diet during lactation display 480 
increase telomere length compared to controls, especially in their kidneys, of note since 481 
kidney disease is thought to a common cause of death in laboratory rodents. Recent studies 482 
have demonstrated that it is not just exposure to suboptimal nutrition during foetal life that 483 
can impact on telomere length. Exposure to hypoxia during foetal life also led to accelerated 484 
telomere shortening. These detailed experimental studies illustrate the complexity of the 485 
relationship between growth, long term health and telomere dynamics, and emphasise the fact 486 
that there may be tissue specific responses.  487 
The context in which growth occurs 488 
A further problem is that, in correlative studies where telomere length and loss are compared 489 
in individuals observed to be growing at different rates, the outcome may be confounded by 490 
differences in the environmental conditions they are experiencing, including the social 491 
environment as well as nutrition and stress exposure.  Depending on the importance of these 492 
factors in generating adverse environmental conditions, two different predictions are possible 493 
here – 1) that faster growing individuals will have relatively shorter telomeres as a result of 494 
more cell division and/or oxidative stress exposure, or 2) that faster growing individuals will 495 
have longer telomeres since the faster growth indicates better environmental conditions and 496 
less exposure to hormonal or oxidative stress.  Where animals in naturally occurring broods 497 
are used, these differences will be very important since brood size will be positively related to 498 
environmental conditions and parental quality. But even in experimental studies where food 499 
is ad libitum, social conditions can generate adversity for at least some individuals. This 500 
complexity is illustrated in the study by Reichert et al. (Table 1) who found that the chicks in 501 
experimentally reduced broods of captive zebra finches grew faster. However, these showed 502 
less oxidative damage and had longer telomeres at the end of the growth period compared to 503 
those in enlarged broods; the latter grew more slowly, but the increased provisioning burden 504 
on their parents meant that the growth conditions more stressful. In the field study on great 505 
tits Parus major, the relationship between growth and telomere length was found to be 506 
negative in the last hatched chicks in broods, but there was no relationship in the first hatched 507 
chicks (Table 1). The latter generally experience better conditions and may also have hatched 508 
from higher quality eggs.  In the experimental study in the wild by McLennan et al. (Table 1), 509 
early stage Atlantic salmon Salmo salar eggs from the same families were released into 510 
relatively benign and harsh growth conditions [96]. All fish in this study showed a negative 511 
relationship between telomere loss and growth; fish growing in the harsh streams grew more 512 
slowly, but, for the same amount of body growth, showed a higher telomere loss than the fish 513 
from the same families that had been released into the benign streams. These studies clearly 514 
show that, as expected, the conditions under which growth occurs have important 515 
consequences for the effect of growth rate on telomere loss. 516 
Might telomere restoration during growth mitigate longer term effects? 517 
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The elephant in the room in all of the above studies is that we know little about telomere 518 
restoration during growth, and this is also likely to vary across taxa and with environmental 519 
conditions. Telomerase activity for example has been found to increase under chronic stress 520 
in rats for  example [97]. However this has been little studied in the context of growth 521 
conditions. There is also evidence that the degree of somatic telomerase activity differs 522 
between endothermic and ectothermic vertebrates, and probably also among other taxa [4]. 523 
Many ectotherms continue to grow throughout life, and also show somatic telomerase activity 524 
throughout life. This may explain why in red-sided garter snakes Thamnophis sirtalis for 525 
example [98], no relationship between telomere length and age has been found in either sex, 526 
and no difference between young and adult animals in leather-backed turtles Dermochelys 527 
coriacea [99]. In zebra fish Danio rerio, there is also apparently no telomere loss with age 528 
[100], but in other fish species such as the Atlantic salmon, age related loss does occur [96] 529 
presumably because the telomerase activity cannot fully compensate for the telomere loss. A 530 
recent analysis of the literature of telomere changes in fish found that only around half of the 531 
studies so far have reported age related declines in telomere length [101]. In some species, 532 
telomerase activity appears to vary at different life stages. An interesting illustration of this is 533 
provided in a study on growth and telomere dynamics in a small fish species, the medaka 534 
Oryzias latipes [102]. In this species, growth is at its maximal rate for the first seven months 535 
of life; telomeres decline during this time and telomerase activity is also low. Then, during 536 
adolescence, from seven months to one year, growth slows, telomerase activity increases, and 537 
telomere length increases.  After one year, little further growth occurs, telomerase activity 538 
drops, and telomere length declines. As is the case with most studies on small bodied 539 
animals, these measurements are based on whole body measures of telomere length, and are 540 
therefore cross sectional. It would be interesting to see if the same pattern holds within 541 
individuals. Whether such variation in telomerase activity occurs in other taxa is currently 542 
unknown. 543 
 544 
5. CONCLUSIONS 545 
What happens during the post-natal growth period can set the stage for later life telomere 546 
length, and thereby influence health and longevity. More experimental and correlative studies 547 
on the relationship between growth rate, body size, telomere dynamics and exposure to 548 
different environmental conditions, in a broad range of taxa, are needed. We still know little 549 
about the effect of key factors such as cell proliferation rates on telomere loss, and how these 550 
effects vary among species, tissues and life stages. Much more work is needed on variation in 551 
telomerase activity at every level, and this would be particularly useful in taxa such as birds 552 
where a great deal of work has recently been done on telomere length and loss, but little on 553 
telomerase and telomere restoration.  It is not surprising that there are inconsistences among 554 
studies in the nature of the link between growth and telomere loss given the number of 555 
potentially confounding variables, and the differences in priorities among species with 556 
different lifespan potentials, and the differences in the pattern of growth. There are 557 
considerable challenges associated with studying telomere dynamics in non-model organisms 558 
where the toolkit available is much reduced and conditions in the field and laboratory more 559 
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difficult to control. However, many of the pathways involved in the vertebrates are highly 560 
conserved, and their operation is likely to vary in a predictable way with species life histories. 561 
Therefore, combining studies in more tractable species and in cell culture with targeted 562 
studies in other taxa has the potential to yield considerable insights.  563 
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Species Field
/Lab 
Exp    
/ 
Corr 
Growth 
Manipulation   
Growth 
measurements 
Telomere 
measurement 
points 
Tissue Telo 
method 
Telo 
length 
or 
change 
Relationship between 
growth & telomere 
measurements 
Reference 
Mammal 
Homo 
sapiens 
N/A Corr 
+ Exp 
GH treatment in 
childhood 
Birth length & 
weight SDS + adult 
height & weight 
SDS 
17 & 24 years Leuco-
cytes 
qPCR Length NS for birth +  adult 
measurements &  GH 
treatment 
Smeets et al. 
2017 [103] 
Mammal 
Homo 
sapiens 
N/A Corr N/A Mass and length at 
birth and  11 years 
Ca 60 and 70 
years 
Leuco-
cytes 
qPCR Length 
and 
change 
over 10 
years in 
late life 
Weight gain in first 12 
months –-ve  TL and + 
with loss between 60 
and 70 years  
Guzzardi et al. 
2016 [104] 
Mammal 
Ovis aries 
Field Corr N/A Horn length in 
males at 4 months 
4 months Leuco-
cytes 
qPCR Length -ve between horn 
length and TL at 4 
months 
Watson et al. 
2017 [105] 
Mammal 
Rattus 
norvegicus 
Wistar 
Lab Exp Maternal Diet 3d, 7d, 14 d, 21 d 
and 12 months 
12 months Skeletal 
muscle 
TRF 
Southern 
blot 
Length -ve for growth 3d-21 
day 
Tarry-Adkins et 
al. 2016 [54] 
Mammal 
Eliomys 
quercinus 
Lab Corr N/A Weekly mass 6-10 
weeks 
6 and 10 weeks Buccal 
swab 
qPCR Change NS Giroud et al. 
2014 [106] 
Mammal 
Rattus 
norvegicus 
Wistar 
Lab Exp Maternal Diet 3d, 7d, 14 d, 
3months, 6 months 
3months and 6 
months 
Oviduct Southern 
blot 
Length -ve for growth 3d – 14d Aiken et al. 
2013 [53] 
Mammal 
Rattus 
norvegicus 
Wistar 
Lab Exp Maternal Diet 3d, 7d, 14 d, 21 d , 
3 months and 12 
months 
3 months and 
12 months 
Heart Southern 
blot 
Length -ve for growth 3d-21 
day 
Tarry-Adkins et 
al. 2013 [50] 
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Mammal 
Rattus 
norvegicus 
Wistar 
Lab Exp Maternal Diet 3d, 7d, 14 d, 21 d , 
and 3 months  
3 months Pancrea
tic islets 
Southern 
blot 
Length -ve for growth 3d-21 
day 
Tarry-Adkins et 
al. 2009 [49] 
Mammal 
Rattus 
norvegicus 
Wistar 
Lab Exp Maternal Diet 3d, 7d, 14 d, 21 d , 
and 12 months 
12 months Aorta Southern 
blot 
Length -ve for growth 3d-21 
day 
Tarry-Adkins et 
al. 2008 [70] 
Mammal 
Rattus 
norvegicus 
Wistar 
Lab Exp Maternal Diet 3d, 7d, 14 d and  21 
d , 
13 months Kidney Southern 
blot 
Length -ve for growth 3d-21 
day 
Jennings et al. 
1999 [52] 
Bird  
Rissa 
tridactyla 
Field Exp Brood size increase 
and food supp 
9d & 25d, 
g/d mass 
mm/d tarsus & 
wing 
9d & 25d post 
hatch 
RBC  TRF in-gel Proporti
onal 
change 
in TL 
+ve for wing growth Young et al. 
2017 [20] 
Bird 
Parus major 
Field Corr N/A Mass and size (PCA 
on wing, tarsus & 
head) 2d intervals  
hatching to fledging 
at 17d 
7d & 16d post 
hatch 
RBC  qPCR Change 
7-16d 
-ve for body size in  last 
hatched nestlings but 
not first; NS for body 
mass 
Stier et al. 2015 
 [107] 
Bird 
Hirundo 
rustica 
Field Corr 
+ exp 
Brood size increased 
and reduced  
12d mass and 
tarsus 
12d RBC  qPCR Length NS for treatment, mass 
or tarsus 
Costanzo et al. 
2017 [108] 
Bird 
Sterna 
hirundo 
 
Field Corr N/A 3d & 18-22d mass 3 d & 18-22d RBC  TRF in-gel Length + 
change 
5-20d 
NS Vedder et al. 
2017 [109] 
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Bird  
Hirundo 
rustica 
Field Corr N/A 7d & 16d tarsus 
length and mass; 
16d wing & tail 
length 
7d & 16d RBC  qPCR Length NS for tarsus at 7 & 16d; 
NS for mass at 16d; +ve 
for wing & tail length  at 
16d  
Parolini et al. 
2015 [110] 
Bird  
Passer 
domesticus 
Field Corr N/A Tarsus, bill, wing 
length, mass at (d 
Length RBC  qPCR Length NS Meillere et al. 
2015 [111] 
Bird 
Taeniopygia 
guttata 
Lab Exp Brood size increased 
and reduced 
Daily mass 0-30d 10d & 30d RBC qPCR Change Treatment effect but 
mass not related to 
telomere length 
Reichert 2015  
[112] 
Bird 
Taeniopygia 
guttata 
Lab Exp/
corr 
Dietary antioxidants Mass at hatching 
20d & 40d 
20d & 40 d RBC qPCR Length 
& 
change 
No treatment effect of 
growth or TL; -ve 
between TL at 40d and 
mass 
Noguera et al. 
2015 [56] 
Bird 
Sturnus 
vulgaris 
Field Exp/
corr 
Position in brood 
hierarchy 
3d, 4d, 7d & 12d 
mass 
3d & 12 d RBC qPCR length No treatment effect on 
growth; NS bet mass 
growth & TL 
Nettle et al. 
2014 [60] 
Bird 
Corvus 
monedula 
Field Exp Brood size increased 
and reduced 
Fledging mass 5d and 30d RBC TRF-in-gel Length 
and 
change 
NS in reduced broods; 
 -ve bet TL change and 
fleding mass in enlarged 
brood 
Boonekamp er 
al. 2014 [31] 
Bird 
Phalacro-
corax 
aristotelis 
Field Exp/
Corr 
Cort treatment daily 
10d-29d 
Daily mass gain 
10d-30d 
10d & 30d RBC qPCR Length 
and 
change 
No treatment effect on 
growth; -ve between 
growth rate and 30d TL 
Herborn et al. 
2014 [76] 
Bird 
Taeniopygia 
guttata 
Lab Exp Maternal treatment 
with oestradiol pre 
and during laying 
Mass at hatching, 
10d, 20d & 30d 
10d, 20d & 30d RBC qPCR Change Treatment increased 
growth in male chicks; 
no effect on telomere 
change 
Tissier et al. 
2014 [113] 
Bird 
Ficedula 
albicollis 
Field Exp Brood size increased 
and reduced 
Mass & tarsus 12d 12d qPCR Length Heavier nestlings in 
reduced broods; NS 
effect on tarsus or TL 
Voillemot et al. 
2012 [114] 
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Bird 
Phalacro-
corax 
aristotelis 
Field Corr N/A Mass Ca 15 days RBS TRF- 
Southern 
blot 
Change +ve relationship 
between growth rate 
and loss 
Hall et al. 2004 
[75] 
Amphibian 
Delobates 
cultripes 
Lab Exp Pond drying and 
predator exposure 
in tadpoles from 
2months to 
metamorphosis  
Average mass gain 
per family during 
treatment 
At 
metamorphosis 
Leg 
muscle 
qPCR Length Pond drying reduced 
growth, inc predatory 
exposure inc growth; 
weak –ve corr bet 
growth rate and TL 
Burraco et al. 
2017 [115] 
Fish 
Pungitius 
pungitius 
Lab Exp Temperature during 
growth 
Length weekly from 
17d to 115d 
122d Brain qPCR length No temperature of 
length effect on TL 
Noreikiene et al. 
2017 [116] 
Fish  
Salmo salar 
field Corr 
+ Exp 
Harshness of post-
natal growth 
environment 
Mass at fry stage Fry stage at ca 5 
months 
Whole 
body 
qPCR Length -ve for mass at 5 
months in both groups; 
exp - shorter TL when 
growing  in harsher 
enviros 
McLennan et al. 
2016 [96] 
Fish 
Salmo trutta 
Field Exp 
& 
Corr 
At 1yr food deprived 
for ca 3 weeks to 
induce 
compensatory 
growth  
Mass & length at 
start of treatment 
1yr and at 2yrs 
1yr and 2yrs Pelvic 
Fin TL 
qPCR Change 
1-2yrs 
Exp - NS treatment 
effect;  
Corr -  +ve for mass 
specific growth 1-2yrs 
Naslund et al.  
2015 [117] 
Fish 
Oncorhyn-
chus kisutch 
Lab Exp Transgenic – 
manipulation of GH 
to give fish 54x 
heavier and 7x 
longer than wild 
type 
Mass and fork 
length at 7 and 10 
months 
7 and 10 
months 
Peliv fin qPCR Length 
and 
change 
Transgenics had longer 
length but lost more 
during growth; wild 
type showed no change 
Pauliny et al. 
2015 [118] 
Fish 
Cyprinus 
carpio 
Field  N/A Mass and fork 
length at capture 
At capture Muscle 
and 
caudal 
fin 
qPCR Length  +ve bet TL in muscle 
and fork length; NS for 
fin  
Izzo et al. 2014 
[119] 
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Fish  
Oryzias 
latipes 
Lab Corr N/A 0 & 7 months body 
length 
Repeated Whole 
body 
and 
other 
tissues 
TRF 
Southern 
blot 
Change Faster loss during 
period of rapid growth 
Hatakeyama et 
al. 2008 [120] 
576 
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Table 1. Examples of studies of the relationship between post-natal growth parameters and telomere length and/or loss in a range of vertebrate taxa  . 577 
GH=growth hormone; SDS=standard deviation score; d=day; PCA=Principal Component Analysis; Cort= corticosterone. 578 
 579 
Figure 1. Figure 1. The routes whereby growth and telomere loss can be linked. The main route via increased cell division and the route via increased energy 580 
experditure are shown.  While normal growth will involve energy expenditure, organisms may have evolved strategies to minimise oxidative damage during 581 
this time. However, when circumstances favour more or faster growth, oxidative damage to DNA may occur as a result of the further increased in 582 
expenditure. Oxidative damage  to telomeric DNA can increase the telomere loss per round of cell division, and increase the rate at which cells senesce.  583 
This oxidative damage may also trigger a persitant DNA damage response in the cell, triggering cell senescence directly in the absence of increased 584 
telomere loss.  585 
 586 
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